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[1] Geochemical analyses of extraordinarily well preserved late Aptian-early Albian foraminifera from Blake Nose (Ocean Drilling Program Site 1049) reveal rapid shifts of d 18 O, d 13 C, and 87 Sr/ 88 Sr in the subtropical North Atlantic that may be linked to a major planktic foraminifer extinction event across the Aptian/Albian boundary. The abruptness of the observed geochemical shifts and their coincidence with a sharp lithologic contact is explained as an artifact of a previously undetected hiatus of 0.8-1.4 million years at the boundary contact, but the values before and after the hiatus indicate that major oceanographic changes occurred at this time. 87 Sr/ 88 Sr values deviate from known patterns to such a degree that an explanation requires either the presence of inter-basin differences in seawater 87 Sr/ 88 Sr during the Albian or revision of the seawater curve. For d 18 O, planktic values in some Aptian samples likely reflect a diagenetic overprint, but preservation is excellent in the rest of the section. In well preserved material, benthic foraminiferal values are largely between 0.5 and 0.0‰ and planktic samples are largely between 0.0‰ to À1.0‰, with a brief excursion to À2.0‰ during OAE 1b. Using standard assumptions for Cretaceous isotopic paleotemperature calculations, the d
18 O values suggest bottom water temperatures (at $1000 -1500 m) of 8-10°C and surface temperatures of 10-14°C, which are 4-6°C and 10-16°C cooler, respectively, than present-day conditions at the same latitude. The cool subtropical sea surface temperature estimates are especially problematic because other paleoclimate proxy data for the mid-Cretaceous and climate model predictions suggest that subtropical sea surface temperatures should have been the same as or warmer than at present. Because of their exquisite preservation, whole scale alteration of the analyzed foraminifera is an untenable explanation. Our proposed solution is a high evaporative fractionation factor in the early Albian North Atlantic that resulted in surface waters with higher d
18 O values at elevated salinities than commonly cited in Cretaceous studies. A high fractionation factor is consistent with high rates of vapor export and a vigorous hydrological cycle and, like the Sr isotopes, implies limited connectivity among the individual basins of the Early Cretaceous proto-Atlantic ocean.
Introduction
[2] One of the most significant turnover events in the evolutionary history of planktic foraminifera occurs across the Aptian-Albian boundary interval [Premoli Silva and Sliter, 1999; Leckie et al., 2002; Huber and Leckie, 2011a] . However, problems with ambiguous or incorrect planktic foraminiferal identifications, limited biostratigraphic resolution, scarcity of stratigraphically complete successions, and moderate to severe diagenetic overprints have long hindered detailed documentation of changes in species composition, as well as geochemical investigations of the paleoceanography 1 Smithsonian National Museum of Natural History, Washington, District of Columbia, USA. and paleoclimatology of this time interval. For these reasons, the extent of the extinction event and the paleoceanographic changes associated with it remained largely unknown.
[3] Study of extraordinarily well preserved foraminifera from Ocean Drilling Program (ODP) Site 1049 (subtropical North Atlantic) and Deep Sea Drilling Project (DSDP) Site 511 (southern South Atlantic) and restudy of several other deep-sea sections by Huber and Leckie [2011a] has resolved a number of biostratigraphic and taxonomic discrepancies and has led to the recognition that the Aptian/Albian extinction was more abrupt and of greater magnitude than had been previously recognized (Figure 1 ). Using the highest occurrence (HO) of the Aptian planktic foraminifer Paraticinella eubejaouaensis to identify the top of the Aptian Stage, these authors observed (1) an extinction rate of about 70 to 80% of the Aptian species with a loss of all large-sized (200-700 mm) species with thick-walled shells bearing a distinctive pore mound ornamentation; (2) a precipitous drop in the planktic to-benthic-ratio correlated with the planktic species extinction; (3) a sparse earliest Albian planktic fauna consisting of only two very small-sized (100-130 mm) species with thin walled tests that bear little or no surface ornamentation; and (4) a gradual increase in species diversity and maximum shell diameter through the $13 million yearlong Albian Age.
[4] A cool global climate during the late Aptian and early Albian has been inferred from the presence of dropstones and glendonites in southern Australia and Arctic Canada [Kemper, 1987; Frakes et al., 1992; Price, 1999] , relatively high d
18 O values in concretion cements from fluvial sediments in southeast Australia [Ferguson et al., 1999] , stable isotope analyses of bulk marine carbonate [Clarke and Jenkyns, 1999] and belemnites from Australia and Argentina [Pirrie et al., 1995 [Pirrie et al., , 2004 . Negative shifts in carbon isotope records from bulk marine carbonates and a drop in global sea level were interpreted as evidence for growth of a continental ice sheet at this time [Weissert and Lini, 1991] . However, these paleoclimatic inferences provide only broad paleotemperature constraints and there are few data spanning the Aptian-Albian boundary interval.
[5] A major impediment to producing d 18 O-based paleotemperature estimates for the Early Cretaceous has been carbonate preservation. Most shells of this age are encased in limestone, infilled with secondary calcium carbonate, overgrown with euhedral inorganic calcite crystals, or strongly recrystallized. Although oxygen isotope values from apparently unaltered belemnite guards have been used in seasurface paleotemperature estimations [e.g., Sellwood et al., 1994; Pirrie et al., 1995 Pirrie et al., , 2004 , comparison between oxygen and carbon isotope ratios from Antarctic belemnites and co-occurring benthic and planktic foraminifera indicates that belemnites lived below the surface summer mixed layer and so do not record sea surface temperatures [Dutton et al., 2007] .
[6] The presence of exceptionally well-preserved, translucent ('glassy') foraminifera in the Aptian-Albian boundary interval at Site 1049 provides a rare opportunity to address this shortcoming. The primary objectives for this study are to: (1) [Herrle et al., 2004] ; and (5) establish a microfossil-based age model for calculation of sedimentation rates and estimation of the duration of an unconformity across the Aptian/Albian boundary.
Geologic Setting and Species Turnover at Site 1049
[7] Site 1049 was drilled on Blake Plateau at 2,670 m water depth about 530 km east of Jacksonville, Florida (30°8.53′N, 76°6.72′W, Figure 2 ). The site is positioned at Blake Nose which lies at the outer flank of a gently sloping ramp with Paleogene and Cretaceous strata that deepen and thin eastward. During the late Aptian-early Albian the site was located about 60 km seaward of a large carbonate platform that ran parallel to the present-day Florida coast [Norris et al., 1998 ]. Paleodepth estimates range from middle bathyal [Norris et al., 1998 ] to outer shelf to upper slope . Paleomagnetics suggest a paleolatitude of $25°N from the mid-Cretaceous through Eocene [Ogg and Bardot, 2001] .
[8] The Upper Aptian-Lower Albian at Site 1049 is $32 m thick and composed dominantly of rhythmically alternating red, white and green bioturbated calcareous clay and clayrich chalk [Benson et al., 1978; Norris et al., 1998] . A finely laminated, 46 cm thick black shale containing up to 12.3 wt % total organic carbon [Barker et al., 2001] was recovered from the lower Albian Microhedbergella rischi Zone at each of the three Site 1049 drill holes. This level has been identified as the regional expression of OAE 1b and was correlated Figure 1 . Changes in number of planktic foraminiferal species, percent planktic abundance relative to total planktic and benthic specimens, and maximum diameter of planktic foraminiferal tests across the Aptian/Albian boundary interval of ODP Hole 1049C based on the study of Huber and Leckie [2011a] .
with the Niveau Paquier in the Vocontian Basin Trabucho Alexandre et al., 2011] . The black shale sediments are interpreted as having resulted from a major increase in the contribution of 13 C-enriched organic carbon derived from chemoautotrophic marine archaea that flourished in a well stratified, low-temperature water column [Kuypers et al., 2001] .
[9] The Aptian/Albian boundary is placed 2.16 m below the OAE 1b black shale in Holes 1049A and 1049C, but in Hole 1049B it occurs in a coring gap. The boundary is identified at the extinction of the distinctive Aptian biomarker Pa. eubejaouaensis, which occurs just below a sharp contact between a white calcareous chalk and an overlying gray calcareous claystone. The white chalk interval below the lithologic contact is interpreted as latest Aptian in age based on the presence of specimens of evolutionarily advanced forms of Pa. eubejaouaensis (sensu Premoli Silva et al. [2009] ). Species diversity drops from a peak of 11 planktic species in a sample 1.22 m below the boundary to 7 species 5 cm below the boundary. The overlying gray claystone contains none of the late Aptian species and only two small early Albian species Microhedbergella rischi and Mi. renilaevis. The 80% decrease in species richness is accompanied by an abrupt 50% decrease in mean shell diameter and a 40% increase in the percentage of benthic species (Figure 1) . The boundary at Site 1049 has been interpreted as an unconformity based on the sharp lithologic contact and the lack of transitional planktic foraminiferal species seen in the earliest Albian in other boundary sections [Huber and Leckie, 2011a] .
Material and Methods

Samples
[10] Samples for this study were collected from the Bremen Core Repository at the University of Bremen, and are identified using standard IODP "hole, core-section, interval" conventions. Sample depths are reported as meters below seafloor (mbsf ). Samples processed at Royal Holloway University in London (RHUL) were soaked in deionized water and agitated on an orbital shaker overnight. Samples processed at the Smithsonian Institution (SI) were soaked for 24 h in tap water. The samples were then washed over a 63 mm sieve until the residue was free of adhering clay and fine particles and then dried at 50°C. The biostratigraphic framework used follows Huber and Leckie [2011a] ; ages for stage and biozone boundaries are from work by Gradstein et al. [2004] .
Stable Isotope Analyses
[11] Oxygen and carbon isotopic ratios were measured on single species benthic and planktic foraminiferal separates across a 21 m interval from the upper Aptian Globigerinelloides algerianus Zone to the lower Albian Ticinella madecassiana Zone in Hole 1049C. At least one trochospiral benthic species and two to six co-occurring planktic species were selected from each sample, with care taken to ensure analysis of the best preserved and largest sized specimens for each species in each sample. To test for reworking in the immediate boundary interval, two benthic species and six planktic species were analyzed from four additional samples across a 16 cm interval from Hole 1049A that straddles the Aptian/Albian boundary. Typically 25 to 80 specimens were analyzed for the smaller-sized species (<150 mm maximum dimension; e.g., Microhedbergella spp., Pseudoguembelitria blakenosensis), whereas 1 to 4 specimens were analyzed for larger-sized species (>350 mm maximum dimension; e.g., Pa. eubejaouaensis). Sample spacing for the single species separates ranges from 2 cm to 1.5 m with closer spacing near the Aptian/Albian boundary interval. In addition, 212 bulk analyses were run on samples spanning the studied interval in Hole 1049C (sample spacing of $10 cm throughout).
[12] Samples were run at several labs (Tables 1-4 ) and all are reported using standard delta (d) Hay et al. [1999] showing location of Aptian/Albian boundary DSDP and ODP sites and Vocontian Basin (VB) Pré-Guittard section that are discussed in this study. Hd. aptiana Ti. madecass. [Shackleton and Kennett, 1975] .
Strontium Isotope Analyses
[14] 87 Sr/ 86 Sr ratios were measured on bulk sediment and mixed foraminiferal separates ($50-100 individuals/ analysis) spanning the study interval. Picked separates were ultrasonically cleaned and examined under a binocular microscope. The taxonomic composition of the separates was not considered and both the species present and their relative abundances varied among samples. As above, analyses were performed at several labs. Mixed separates were run at the University of North Carolina, Royal Holloway University, and Oxford University. At the University of North Carolina, foraminiferal separates were dissolved in 1.7 M acetic acid, processed using EiChrom Sr Spec resin, and analyzed on a VG Sector 54 thermal ionization mass spectrometer. External precision is estimated at AE0.000 010 (1 SE). At Royal Holloway and Oxford University, between 3 and 25 mg of the bulk sediment fraction >0.150 mm was weighed into centrifuge tubes and digested with 10% acetic acid. Acid was being added as long as the carbonate in the sample reacted but care was taken to assure that a small amount of solid residue remained. This was to minimize contamination by Sr from non-biogenic components in the sediment. Strontium was separated by standard ion exchange chemistry using Sr Spec resin. Measurements were made with a VG 354 thermal ionization mass spectrometer. Individual values are reported with 2 SE. External precision based on repeated measurement of the standard was estimated at AE0.000 018 (2 SE). Results reported for each lab were normalized to a value of 0.710250 for NIST 987.
Stable Isotopic Results
Foraminiferal Preservation
[15] Early Albian foraminifera from Blake Nose are remarkably well preserved. Nearly all samples contain specimens that are translucent under the stereomicroscope and appear to be 'glassy' (sensu Pearson et al. [2001] ; Figure 3a) . When viewed at high magnification with an SEM, these specimens show no evidence of shell recrystallization or chamber infilling (Figure 3b ). Most Late Aptian shells are not as well preserved. They are opaque and white under the light microscope and have a 'frosty' appearance (sensu Sexton et al. [2006] ; Figure 3c ). SEM images show some degree of shell recrystallization with the most strongly altered specimens exhibiting neomorphic calcite crystals on the inner chamber walls, complete obliteration of the original bilamellar wall, and infilling of the wall pores in SEM images (Figure 3d) . None of the Aptian shells are infilled by secondary calcite.
Oxygen Isotopes
[16] Late Aptian benthic d 18 O values, as generalized from results for Berthelina spp., vary from 0.5 to 0.2‰ within the Hd. aptiana [20] Early Albian d 13 C values from the two planktic species analyzed show remarkable consistency, with Mi. rischi plotting 0.2 to 0.6‰ higher than co-occurring Mi. renilaevis.
Microhedbergella rischi d
13 C values gradually increase from 2.5 to 3.3‰ from just above the Aptian/Albian contact to within the black shale bed (143.14 mbsf) and then fluctuate between 1.7 and 2.5‰ in the remaining Albian samples. Bulk carbonate d
13 C values parallel those of the planktic species but are generally 0.5 to 1.0‰ lower. An exception to this is within 0.3 m above the black shale bed where the bulk values are as low as corresponding benthic values.
Strontium Isotopic Results
[21] Results for the mixed separates show a large ($0.000 200) increase across a <10 cm interval (Table 5 ). In samples run at the University of North Carolina and at Royal Figure 4 . Oxygen and carbon isotope ratios from single taxon planktic and benthic foraminifera samples and bulk carbonate samples from the upper Aptian-lower Albian of ODP Hole 1049C plotted with composite images of the drill cores. All species listed in the left column of the legend are benthic foraminifera, whereas the middle and right columns list planktic species. Data points for several benthic and planktic species are connected by two-point running average curves and the bulk carbonate data are connected by a 3-point running average curve. Columns to the left of the plots represent (left to right) core recovery (black = interval of recovered core), age, calcareous nannofossil biozone (from Browning and Watkins [2008] ), planktic foraminifer biozones (from Huber and Leckie [2011a] ) and core depths (in meters below seafloor). The horizontal blue shading represents the interval comprising the OAE 1b black shale reported by Erbacher et al. [2001] and the blue horizontal dashed line marks the level of the Aptian/Albian boundary unconformity. Paleotemperature scales at the bottom of the oxygen isotope graph are calculated using the equation 1 of Bemis et al. [1998] with the assumption that mean seawater d
18 O value was À1‰ SMOW for an ice-free Earth [Shackleton and Kennett, 1975] and a salinity correction for planktic species using the salinity correction of Zachos et al. [1994] for 25°N. Isotope data presented in Tables 2-4, by Erbacher et al. [2001] , and by Leckie [2011a, 2011b] .
Holloway University, the values agree closely both based on stratigraphic trends and for replicates from the same samples. 
Discussion
Aptian/Albian Boundary Unconformity at Site 1049
[22] The presence of an unconformity at the Aptian/Albian boundary of Site 1049 is indicated by the coincidence of abrupt and substantial changes in the planktic foraminiferal assemblages, major geochemical shifts and a sharp lithologic contact separating a late Aptian clay-rich marl and an early Albian pelagic chalk (Figures 1 and 4-7) . The negative shifts in d
13
C and d
18 O recorded in benthic foraminifera and bulk carbonate accompanied by the positive shift in 87 Sr/ 86 Sr isotope ratios at this boundary level are too large and abrupt to be explained by any known tectonic, climatic or oceanographic mechanism. Rather, the abrupt geochemical shifts are best explained by the absence of a sediment record for the latest Aptian and/or earliest Albian as a result of erosion or non-deposition.
[23] One approach to estimating the duration of the unconformity is to construct an age model using the planktic foraminiferal and calcareous nannofossil biostratigraphic events listed in Table 6 and shown in Figure 8 . Although ages for these events are cited from published sources, including the geomagnetic time scale of Gradstein et al. [2004] , they are considered only as estimates, as none of the events have been directly calibrated using radiometric ages or geomagnetic tie points. Juxtaposition of the LAD of Pa. eubejaouaensis (112.5 Ma) and the FADs of Hayesites albiensis (111.69 Ma) and Praediscosphaera columnata (112.05 Ma) at the Aptian/Albian unconformity suggests that the duration of the unconformity is at least 0.84 m.y. (Figure 8 and Table 5 ). This interpretation is consistent with biostratigraphic evidence that the Microhedbergella miniglobularis Zone and the lowermost Mi. rischi Zone are missing from Site 1049 [Huber and Leckie, 2011a] . Using best fit lines of correlation through planktic foraminifer and calcareous nannofossil datums, sedimentation rates calculated from the Site 1049 age model are 2.98 m/m.y. for the lower Albian and 2.61 m/m.y. for the upper Aptian (Figure 8) .
[24] An alternative way to estimate the extent of the unconformity is by correlating the Hole 1049C d 13 C record with the bulk carbonate d 13 C curve across the Aptian/Albian boundary at Pré-Guittard, Vocontian Basin using data generated by Herrle et al. [2004] . The latter section was judged to be stratigraphically continuous by Kennedy et al. [2000] and has been proposed as a candidate Global Boundary Stratotype Section (GSS) for the base of the Albian Stage. An interval yielding the highest late Aptian d 13 C values at Vocontian Basin, which occurs in the uppermost Pa. eubejaouaensis Zone (=Ticinella bejaouaensis Zone in previous works), was assigned to C-isotope Stage Ap-15 by Herrle et al. [2004] and is here correlated with an interval of high d
13 C values in the upper Pa. eubejaouaensis Zone of Hole 1049C (Figure 9 ). The break point where d
13 C values begin to decrease, at 223 m in the composite Vocontian Basin section, was identified by these authors as the C-isotope Ab-1/Ap-15 stage boundary and was proposed as a criterion for global correlation of the Aptian/Albian boundary, whereas we use the slightly higher extinction of Pa. eubejaouaensis to define the boundary [Huber and Leckie, 2011a] .
[25] There are two intervals within early Albian C-isotope Stage Al-1 at the Vocontian Basin yielding quite low d Using the mean sedimentation rate of 3 cm/ky estimated by Herrle et al. [2004] for the Vocontian Basin, the time missing is calculated as 1.37 m.y.
[27] A third approach to estimating the length of the hiatus is to use 87 Sr/ 86 Sr ratios relative to expected seawater values. Seawater 87 Sr/ 86 Sr ratios generally change slowly, but if the time is long or sampling density is high, this system can provide an independent check on the fidelity of the stratigraphic record [MacLeod et al., , 2003 . Applying this approach to the Sr data from Site 1049 suggests a hiatus that spans more than 4 million years (Figure 10 ), a conclusion at odds with both foraminiferal and nannofossil biostratigraphy and impossible to reconcile with the carbon isotope record. The Albian specimens are better preserved than Aptian specimens (whose values match those expected given their biostratigraphic age) arguing against a diagenetic explanation for the elevated early Albian ratios. A similar range of values have been reported for the early Albian in DSDP Site 511 [Bralower et al., 1997] and were used in constraining the seawater curve for the Aptian/Albian boundary interval. Recent reinterpretation of the biostratigraphy at Site 511 [Huber and Leckie, 2011a] would shorten the interval of time over which the 87 Sr/ 86 Sr ratios increased at Site 511 and thus shorten the Sr-based estimate of the duration of the hiatus at 1049. If the seawater curve [McArthur and Howarth, 2004] is accurate and precise for the early Albian interval, a second alternative would be to suggest that the early Albian ocean was not well mixed with respect to strontium isotopes. Regardless, at present 87 Sr/ 86 Sr values do not help constrain the length of the hiatus in the study section. Isotopic results are normalized to a value of 0.710 250 for NBS-987. Error for each analysis is 2SE. Note values for samples run at Oxford were consistently higher than corresponding analyses from the other labs, and this offset was corrected for in plotting Figure 10 (see text).
b Depth is reported in meters below seafloor (mbsf). 
Evidence for Reworking and Bioturbation
[28] Faunal changes are dramatic across the boundary, but Aptian species are present in low numbers in the first 10 cm above the Aptian/Albian contact at Site 1049 and Albian taxa are present in low abundances in samples a few cm below the contact [Huber and Leckie, 2011a] . These anomalous occurrences are judged to be the result of reworking rather than species survivorship based on intra and interspecies comparisons of the carbon isotope signatures. In Hole 1049 C the Aptian planktic species Pa. eubejaouaensis shows essentially no difference in d
13
C values across the boundary, with uppermost Aptian specimens averaging 3.6‰, and lowermost Albian specimens averaging 3.5‰ (Table 1 and Figure 5 ). Other Aptian planktic species (Pa. transitoria (Table 4 and Figure 6 ). Similarly, specimens of the Albian species Mi. renilaevis that occur below the boundary contact at Site 1049 have a d 13 C value that is much lower than those seen in co-occurring Aptian planktic specimens but within 0.2‰ of the average value obtained from the lower Albian specimens (Table 4 and Figure 6 ). That is, suspect taxa show no change in d 13 C across the boundary. In contrast, the benthic foraminifer Osangularia schloenbachi, which is common in the upper Aptian and lower Albian samples, shows a 2.5‰ negative shift across the interval. Bioturbation, including burrow fill below the boundary that appears similar to the chalk above the boundary, provides a mechanism to explain the apparent reworking whereas the change in the d
13 C values of Osangularia schloenbachi and Berthelina spp. indicates the d 13 C represents a shift in the isotopic composition of contemporaneous seawater. Oxygen isotopic ratios are consistent with this conclusion but provide little additional resolution due to the small changes in d
18
O ratios across the interval, but the presence of specimens reworked both up and down across the boundary in the mixed assemblages analyzed would explain the smooth (albeit steep) increase in 87 Sr/ 86 Sr across the boundary.
Paleotemperature and Paleosalinity Inferences
[29] As noted in the introduction, a major contribution of this study was an effort to provide paleotemperature estimates for the Aptian/Albian interval using d
18 O measurements of well-preserved ('glassy' in the Albian and 'frosty' in the Aptian) specimens. At face value, though, our estimated temperatures are problematically cool. Calculated temperatures are 10-16°C cooler than modern temperatures in the same region whereas paleoclimatic proxy data and climate model predictions for the mid-Cretaceous indicate that subtropical sea surface temperatures should have been the same as or warmer than at present [Frakes, 1999; Royer, 2006] . This difference suggests a significant contribution from diagenetic overprints, high seawater d
18 O values, overestimates in predicted mid-Cretaceous temperatures, and/or some combination of these.
[30] In the late Aptian interval, diagenesis almost certainly contributes to the positive d
18 O values. The specimens are recrystallized (Figures 3c and 3d) , both bulk carbonate (assumed to be composed dominantly of nannofossils) and the more delicate planktic foraminifera have values near or above benthic values in the same sample, and only the more robust planktic taxa have values consistently lower than benthic values (Figure 4 ). These observations can be explained by convergence of the d
18 O values in all taxa moving toward a diagenetic, d
18 O end-member with values slightly higher than that of the benthic foraminifera [Pearson et al., 2001] . Bulk carbonate and the more delicate planktic foraminifera express this overprint more strongly than the more robust planktic taxa and the benthic taxa.
[31] A diagenetic explanation, however, is not tenable for the younger samples where preservation is excellent (Figures 3a and 3b ) and the rank ordering of d
18 O values among taxa is both intuitively correct and remarkably consistent (Figure 4) . Outside of OAE1b, the lowest planktic values are consistently $À1‰ and benthic values are and Howarth [2004] using sample age estimates that are based on an age model constructed in Figure 8 and Table 5 . See Figure 7 caption for explanation of abbreviations and Table 6 for data. between 0‰ and 0.5‰ (Figure 4 ) and we use these values to evaluate different oceanographic scenarios (Figure 11 ). The seasonal temperature variation in the upper 50 m at 25°N in the modern western North Atlantic is 24-28°C (National Oceanographic Data Center: http://iridl.ldeo.columbia.edu/ descriptions/.nasa1234.html), whereas calculated temperatures for a planktic foraminifera of À1‰ PDB and assuming an ice-free Cretaceous seawater d
18 O value of À1‰ SMOW are $15°C [Bemis et al., 1998 ]. Considering evidence for cool conditions at high latitudes during the Early Cretaceous [Kemper, 1987; Frakes et al., 1992; Pirrie et al., 1995 Pirrie et al., , 2004 Ferguson et al., 1999; Price, 1999] a comparison to the modern ocean seems a more conservative option than invoking greenhouse temperatures of the Late Cretaceous. If the high planktic values were attributed solely to alteration of calcite formed at 26°C in water with a d
18 O value of À1‰ SMOW , the diagenetic overprint would have shifted the initial value by $3‰ (vector A in Figure 11) . A shift of this magnitude would require replacement of >75% of the original calcite with recrystallized calcite of the same isotopic composition as the co-occurring benthic foraminifera without any visual evidence of alteration (Figures 3a and 3b) . In contrast, more modest diagenetic overprints correlate with readily apparent recrystallization in other deep-sea cores [Pearson et al., 2001] .
[32] A similar scaling argument can be used to dismiss explanations invoking glacial effects. Even allowing the maximum cooling of 3°C (that is, assuming a sea surface temperature of 23°C) estimated for this latitude during the last glacial maximum [Waelbroeck et al., 2009] , a glacial ice effect would have had to have resulted in a >2‰ increase in seawater d
18 O values (vector B in Figure 11 ). This increase, assuming no significant change in the mass or isotopic composition of the hydrosphere and an average d
18
O value of the hypothetical glacial ice of À30‰ SMOW , would correspond to an ice volume similar to that at the last glacial maximum during the early Albian, a time for which no clear glacial indicators have been reported.
[33] Regional explanations invoking the "salinity" effect also seem impossible when using standard assumptions. Because of the fractionation between water and water vapor, evaporation results in an increase of the d
O values of local seawater as well as an increase in salinity. To examine the role of this effect in explaining foraminifer d
O values for Cretaceous samples, researchers have generally followed Railsback et al. [1989] in using a slope of $0.35‰/psu during evaporative concentration of seawater [e.g., Woo et al., 1992; MacLeod and Huber, 1996] . Applying this relationship to the data from Site 1049 would result in salinities in excess of 42 psu for surface water of 26°C in equilibrium with foraminiferal calcite of À1‰ PDB (vector C in Figure 11 ). At 42 psu, this surface water would be considerably denser than the bottom waters inferred from a benthic d
O value of 0.2‰ PDB in the same temperature/ salinity plot. Such water column structure with a reversed density pattern is physically impossible. However, we note that the slope of $0.35‰/psu generally used is based on the average observed slopes for Mediterranean and Red Sea surface waters whereas the compilation showed a range of slopes varying from 0.63‰/psu for North Atlantic Surface Water to 0.12‰/psu for Atlantic Equatorial Surface Water [Railsback et al., 1989] .
[34] Using the value of 0.63‰/psu results in salinities of $38.8 psu for surface water of 26°C in equilibrium with foraminiferal calcite of À1‰ PDB (vector D in Figure 11 ). The density of this water would not be greater than that estimated from bottom water using the benthic d
18 O value. The slope of the seawater d
18 O/salinity trend is not simple to interpret, but is expected to be high when kinetic fractionation plays a large role in the effective fractionation and the water vapor is efficiently transported away from the site of evaporation with minimal return precipitation. Given the estimated paleolatitude of $25°N for Site 1049 [Ogg and Bardot, 2001] on the western side of the North Atlantic, vapor exported from the North Atlantic basin would likely be transported with the trade winds into the Pacific, which could have been partly isolated from the proto-Atlantic, a situation reminiscent of the present-day moisture transport across Central America away from the Caribbean Sea [Leduc et al., 2007] (Figure 12 ).
Basin Geography and Strontium Isotopes
[35] Considering both the anomalous Sr isotopic values and the oxygen isotope values requiring large changes in local seawater composition, we invoke paleogeography as a Figure 11 . Temperature-salinity-density diagram with isopleths of calcite d 18 O (dashed lines) using a slope of 0.35‰/psu [Railsback et al., 1989] Figure 12 ). Rifting between South America and Africa during the Early Cretaceous created initially discontinuous marine basins with thick accumulations of siliciclastic sediments and evaporites [Natland, 1978; Rabinowitz and LaBrecque, 1979; Tucholke and Vogt, 1979; Jones et al., 1995] . As rifting continued the basins widened, deepened and became permanently interconnected with the North Atlantic between the late Aptian and early Albian [Moullade et al., 1998; Pletsch et al., 2001; Moulin et al., 2010] . Regional hiatuses in the Albian of the North Atlantic [Pletsch et al., 2001] , including the Aptian/Albian boundary unconformity at Blake Nose, may provide evidence of episodic outflow from this incipient ocean basin.
[36] If efficient vapor transport from the North Atlantic inferred from the stable isotopic composition of planktic foraminifera (Figure 11) indicates the early Albian hydrological cycle was enhanced (similar to suggested Late Cretaceous conditions White et al., 2001; Ufnar et al., 2004] (Figure 12 ).
[37] The degree of restriction needed, though, is formidable. The increase in 87 Sr/ 86 Sr of $0.000 200 across Aptian/ Albian boundary hiatus and the $0.000 100 difference between the early Albian values at Hole 1049 and the seawater curve (Figure 10) Figure 10 ) and riverine input at 0.7119 [Palmer and Edmond, 1989] , 2.2% of the Sr in the basin would need to come from runoff. Using a basin volume between 6.3 and 9.9 Â 10 7 km 3 and riverine input between 4300 and 6500 km 3 /yr [Zhou et al., 2008; J. Zhou and C. J. Poulsen, personal communication, 2011] , and Sr concentrations of seawater and riverine input at 7.9 mg/l and 0.078 mg/l, respectively [Palmer and Edmund, 1989] , the Sr inventory of the North Atlantic would have been between 5.0 and 7.8 Â 10 20 mg and the riverine flux would have been between 3.4 and 5.0 Â 10 14 mg/yr. Dividing the inventory by the total Sr flux in (of which riverine input is estimated at 2.2%), gives an estimated residence time of Sr in the basin of 20,000 to 50,000 years. Calculated residence times vary linearly with the input parameters, so meaningfully reducing the calculated residence time requires large departures from the values used in our calculations. Once Sr fluxes are estimated, it is also possible to estimate the water balance in the basin. Because Sr would leave with outflow but not with evaporation and assuming no internal Sr sinks, the volume of seawater flowing out of the basin would equal the total Sr flux in divided by seawater Sr concentration. The result of this calculation is an outflow between 2000 and 3000 km 3 /yr or about half the flow of the Amazon. Taking the difference between this outflow estimate and the sum of riverine and marine flow into the basin suggests $70% of the water leaving the North Atlantic basin would needed to have done so through evaporation.
[38] In short, this analysis suggests if restriction alone explains the observed 87 Sr/ 86 Sr offset between the North Atlantic samples and the seawater curve, the North Atlantic would have been connected to the world's oceans by annual flow rates less than that of the modern Amazon River. Evaporation would have needed to closely balance runoff into the basin with salinity not exceeding the 42 to 49 psu tolerance limits of modern planktic foraminifera [Bijma et al., 1990] . Deep circulation would have needed to be effectively disconnected from the global ocean but have been vigorous enough to ventilate the deep basin for most of the Albian (given the dominance of bioturbation in North Atlantic bathyal sediments). Finally, surface connections must have been sufficient to allow free exchange among Albian planktic foraminiferal assemblages [e.g., Huber and Leckie, 2011a] .
[39] Such a scenario is consistent with patterns in Albian modeling results and decoupling of Sr isotopic and salinity trends in the Neogene Mediterranean record [Flecker et al., 2002] , but it also seems quite severe. If errors in the values used to estimate the Sr and water budget ( 87 Sr/ 86 Sr ratio of riverine input, riverine Sr concentration, riverine flow, basin volume) consistently bias the calculation against resolving continental contributions, the degree of isolation and the estimated importance of evaporation would be reduced. Alternatively, inaccuracy in details of the age models and/or Sr data used to generate the Albian portion of the Sr-isotope global seawater curve might increase the apparent offset of North Atlantic values. These two possibilities are not mutually exclusive. The question could be resolved by restudying the material used to generate the Sr curve or more detailed modeling of the North Atlantic basin. More interesting to a general understanding of the evolution of Aptian/Albian earth systems, though, is how change in evaporation, runoff, and the degree of North Atlantic restriction might have contributed to the carbon isotopic decrease, apparent temperature increase, and global foraminiferal extinctions across the Aptian/Albian boundary interval. Unfortunately, the hiatus at Site 1049 and absence of a more complete Aptian/Albian boundary record in the North Atlantic compromise efforts to address this question further.
Summary and Conclusions
[40] Biostratigraphic and chemostratigraphic correlation of the Aptian-Albian boundary interval at ODP Site 1049 suggest that this sequence spans from 115 to 108 Ma with a hiatus ranging from 0.8 to 1.4 m.y in duration across the boundary itself. Abrupt shifts in lithology, faunal assemblages, and geochemistry across the boundary level confirm the presence of this hiatus. Despite these sedimentological complications, strontium isotopic results suggest the existing sea level curve has values that are too low through the Albian Stage.
[41] The glassy shell preservation of early Albian foraminifera and the unusually good preservation of the late Aptian foraminifera enable construction of a framework for interpreting North Atlantic paleoceanography before and after the terminal Aptian foraminiferal extinction event and across the Oceanic Anoxic Event (OAE) 1b. Using standard assumptions for Cretaceous isotopic paleotemperature calculations, mid-bathyal benthic foraminifer d
18 O values indicate that late Aptian-middle Albian bottom waters were mostly 8-10°C, a range that is similar to bottom temperatures calculated for the late Campanian-middle Maastrichtian at Blake Nose . Similar calculations for planktic taxa yield anomalously cool temperatures that cannot be explained by diagenesis, growth of a polar ice cap, or standard calculations for the isotopic consequences of excess evaporation. However, the values are compatible with reasonable temperatures ($26°C) if vapor export during evaporation was efficient. This climatic regime in combination with evolving Atlantic paleogeography could explain the carbon, oxygen shifts and the planktic foraminifer extinction event associated with the transition from the Aptian to the Albian. Specifically, our results imply that attempts to interpret proxy signals from the proto North Atlantic need to consider a much greater degree of isolation of the basin than previously suggested, but resolving cause and effect relationships will require study of sections that are both complete and contain excellent preservation.
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